The neuronal dynamin1 functions in the release of synaptic vesicles by orchestrating a process of GTPase-dependent membrane fission. Dynamin1 associates with the plasma membrane-localized phosphatidylinositol-4,5-bisphosphate (PIP2) through the centrallylocated pleckstrin homology domain (PHD). The PHD is dispensable as fission can be managed even when the PHD-PIP2 interaction is replaced by a generic polyhistidine-or polylysine-lipid interaction. Remarkably however, the absence of the PHD renders a dramatic dampening of the rate of fission. These observations suggest that the PHD-PIP2 interaction could have evolved to expedite fission to fulfill the requirement of rapid kinetics of synaptic vesicle recycling. Here, we use a suite of multiscale modeling approaches that combine atomistic molecular dynamics simulations, mixed-resolution membrane mimetic models, coarse-grained molecular simulations and advanced free-energy sampling (metadynamics) methods to explore PHDmembrane interactions. Our results reveal that; (a) the binding of PHD to PIP2-containing membranes modulates the lipids towards fission-favoring conformations and overall softens the membrane thus rendering it pliable to undergo fission, and (b) that it does so by the association of the PHD in multiple orientations using variable loops as pivots. Together, these insights provide a molecular-level understanding of the catalytic role of the PHD in dynamin-mediated membrane fission.
to undergo fission, and (b) that it does so by the association of the PHD in multiple orientations using variable loops as pivots. Together, these insights provide a molecular-level understanding of the catalytic role of the PHD in dynamin-mediated membrane fission.
Dynamin is a multi-domain GTPase that self-assembles into a helical collar and catalyzes membrane fission leading to the release of nascent clathrin-coated vesicles during endocytosis (1) (2) (3) (4) (5) . The GTPase domain (G-domain), bundle-signaling element (BSE) and the stalk domain are the three conserved domains in dynamin which are required to evoke stimulated GTPase activity upon selfassembly on the membrane (6) . In addition to these domains, classical dynamins contain a proline rich domain (PRD) with which it interacts with SH3 domain-containing partner proteins and a pleckstrin-homology domain (PHD) with which it binds the plasma membrane-localized lipid phosphatidyinositol-4,5-bisphosphate (PIP2). GTP hydrolysis is proposed to orchestrate a series of conformational changes in the self-assembly to surmount the activation barrier to membrane fission (7, 8) .
Structurally, the ubiquitous dynamin1 PHD has a C-terminal a-helix and a core bsandwich with variable loops between the bstrands that form the binding pocket for PIP2. Crystal structure of the dynamin1 PHD (PDB: 1DYN) suggests a b-sandwich structure with two b-sheets, one with 4 and the other with 3 bstrands, oriented in an antiparallel arrangement. The structure defines 4 loops referred to as variable loops (VLs). These loops significantly differ from each other in hydrophobicity and electrostatics. VL1 ( 533 IGIMKGG 537 ) contains a hydrophobic stretch that inserts in the membrane and assists dynamin's subcellular localization (9) . VL3 ( 590 NTEQRNVYKDY 600 ) is highly polar and has also been shown to be important for membrane association (10, 11) . While the PHD helps classical dynamins to engage with the membrane (12, 13) , numerous lines of evidence suggest that it functions more than a generic membrane anchor (3, (14) (15) (16) (17) (18) (19) (20) . Genetic neurological disorders such as centronuclear myopathies and the CharcotMarie-Tooth disease are linked to mutations in the PHD that map to regions distinct from those involved in membrane binding (21), (22) . Cellular assays combined with biochemical and microscopic analysis of membrane fission with point mutants in the PHD of dynamin1 suggest that this domain might induce local membrane curvature by shallow insertion of one of its loops (17) , and that such point mutations alter dynamics and orientation of the PHD on the membrane (18) . Experimentally guided modeling has shown that tilting of the PHD could be responsible for creating a low energy pathway towards reaching the hemi-fission state (23). GTP hydrolysis is required to initiate fission through constriction (24) but whether this is adequate to achieve complete and leakage-free vesicle scission is still under debate (20, 23, 25) . Recent evidence indicates that the GTPase-driven scaffold constriction brings the membrane in close proximity but not enough to cross the energy barrier for fission and that stochastic fluctuations are responsible for the crossover from the constricted stage to the hemi-fission state (20, 26) . Indeed, analysis of membrane fission at the single event resolution indicates that replacement of the PHD-PIP2 interaction with a generic lipidprotein interaction forms long-lived, highly constricted pre-fission intermediates on the membrane which manifests in a dramatic dampening of fission kinetics (3) . Recent cryo-EM data of the dynamin polymer assembled on tubular membranes reveal complex and variable geometries of the PHD. The variable PHD configurations may reflect an evolutionary requirement for traversing a pathway whereby membrane constriction guarantees leakage-free fission (23, 25, 27, 28) .
Guided by these observations, and since short-lived transitions states reflecting an evolving PHD-PIP2 interaction within the scaffold are difficult to capture experimentally, we described results from molecular dynamics simulations of the PHD on a PIP2-containing membrane. Using multi-scale molecular simulations, we first analyze the undulation spectra of large membrane system with and without the PHD to analyze the effect on membrane physical properties. Together, these methods also test the hypothesis of local curvature generation by the PHD. Next, we analyze membrane association geometries of the PHD using various methods involving both all-atom (AA) and coarse-grained (CG) molecular dynamics simulations as well as free energy calculations using enhanced sampling methods. We extend this analysis by performing mixed-resolution Highly Mobile Membrane-Mimetic Model (HMMM)-based molecular dynamics simulations (31) with the PHD on the membrane under different initial orientations to explore possible membrane association pathways. Together, our results indicate that the presence of the PHD causes significant changes in lipid conformations and the membrane bending rigidity thus providing mechanistic insights into its catalytic effect on membrane fission. These effects are managed by flexible pivoting of the previously described variable loop1 (VL1) and a novel fourth variable loop (VL4) in the PHD with the membrane.
Results

Binding of the PHD renders the membrane pliable for fission
To determine the effect of the PHD on the physical properties of the membrane, we performed coarse-grained (CG) simulations using the Martini force field of a large (~625 nm 2 ) bilayer patch. The bilayer is comprised of 2048 lipids with DOPC:DOPS:PIP2 in 80:19:1 molar ratio. On to this bilayer, 14 CG PHD units were mounted randomly on one of the leaflets. Simulations were performed for 4 µs. The bending moduli data from undulation spectra fitted to regular Helfrich theory is provided in Table 1 and the calculations show that the presence of the PHDs reduces the bending modulus of the lipid (Table 1) . Thus, the bending modulus (Kc) of the membrane with PHDs is about 8 kBT lower than without, signifying that the PHDs increase the natural thermal undulations in the membrane. To further quantitate these effects, we analyzed trajectories by fitting the spectra to a modified Helfrich formulation wherein the curvature and undulations are coupled (29). This was done because soft lipid bilayers have scale-rich undulations that can be difficult to distinguish from the long wavelengths and curvature field fluctuations induced by proteins. The Hamiltonian with the curvature coupling used to fit the spectra is shown in equation 1 below (32).
(1)
We applied this formulation to two systems, one where the PHDs are randomly distributed on the membrane (Fig. 1A) , and the other where the PHDs are arranged contiguously on the membrane (Fig. 1B) . The latter was performed to mimic the organization of the PHDs in a self-assembled dynamin collar. The fit to the spectra to Equation 1 is shown in Fig. 1C and the curvature profile is shown in Fig. 1D . The curvature field is not significant and does not have a noticeable change in the modulus (~1-2 kBT) as compared to data in Table 1 for the WT systems. Together these results confirm that PHDs soften the bilayer irrespective of the manner in which they are organized on the membrane. The implication of this "softening" of the membrane in terms of the two paradigmatic models of membrane fission, namely the "instability model" (30,31) and the "catalytic model" (23,32) are discussed in detail later in the text.
Based on our finding that the presence of the PHD lowers the bending modulus of the membrane, we focused on the molecular structure of lipids such as their tilt and splay since these have been reported to influence membrane fission (32). To get insights into the molecular structures and changes related to the two-dimensional density structure factor of the membrane, we first plotted the full height undulation spectra (see Fig. S1 in SI) with larger q-regimes. In this completely Fourierbased approach to the calculations of the fluctuation spectrum, we did not see any remarkable signature of a protrusion regime when interpreting the spectra (33). It has been discussed earlier (34,35) that the simulated spectra outside of the low q-limit (wavelengths larger than membrane thickness) should be interpreted in terms of tilting (and splaying) behavior. For this, we generated a microsecond-long atomistic trajectory of a single PHD on a lipid bilayer composed of DOPC: DOPS: PIP2 (80:19:1) and analyzed effects on membrane thickness and lipid conformations (tilt and splay) in areas proximal and distal to the PHD on the membrane. Fig. 2A shows a snapshot of the bilayer-PHD system with the proximal and distal lipids marked in different colors. Fig 2B shows the variation of membrane thickness across the cross-section of the bilayer averaged over a 250 ns-long time period. Remarkably, the PHD influences the underlying membrane by thinning it by around 0.4 nm (Fig. 2B) . Similar analyses for different 250 ns-long time-averaged plots show that membrane thinning is tightly coupled to the location of the PHD (Fig. S2, top panel) . Indeed, presence of the PHD leads to a positive lipid splay in proximal lipids (36) and is seen by measurements of the lipid tail (Fig. 2C) and head ( Fig. 2D ) tilt angles for a 25 ns time period. Lipid tail tilt is defined by the angle between the membrane normal and the vector formed by the glycerol carbon and the last tail atom. Lipid head tilt is defined by the angle between P-N vector (vector formed by Phosphorus and Nitrogen atom in the lipid) and the membrane normal. As seen in Figs. 2C and 2D, presence of the PHD induces significant fluctuations in the tail and head tilt angles in lipids proximal to the PHD than in the distal lipids or in lipids in a membrane without the PHD. Snapshots of tilt and splay for a proximal and distal lipid are shown in Fig. S2 and highlight the extent to which the PHD influences local lipid dynamics. That the PHD can cause such remarkable changes in tilt fluctuations of lipids strongly suggests the possibility that its engagement with the membrane could prime proximal lipids to attain non-bilayer intermediates and thereby lower the energy barrier for fission. Importantly, the significant changes seen in the tilt values and the higher populations of tilt angles from the average emphasize the need to go beyond the simple Helfrich model, including those with undulation-curvature coupling, to understand energetics of membrane remodeling in terms of finer degrees of freedom such as tilt and splay modulus (32,37).
We also carried out additional undulation spectra analysis with trajectories that were generated using certain "fissioninhibiting" mutations on the PHDs. Those results are discussed later since the choice of the mutations was made based on the HMMM simulations and metadynamics-based freeenergy calculations that is covered later in the paper.
PHDs can associate with membrane in multiple orientations
Recent cryoEM reconstructions of the dynamin polymer assembled on a membrane report of a super-constricted state at 10.1 Å resolution, which highlights localized conformational changes at the BSE and GTPase domains that drive membrane constriction on GTP hydrolysis. Reconstructing this data and focusing on the PHD orientation by taking slices across the collar revealed interesting results (Fig. 3A) . PHD orientation about a ring of the dynamin polymer was measured by plotting the distribution of the angle between the major inertial axis of each PHD and the vector that connects the center of the ring with the centroid of the PHD (Fig. 3B , see inset in Fig. 3A for a schematic of the angle measurement for a single slice). This analysis revealed that the membrane-bound PHDs adopt a wide range of orientations in the polymer. This is also apparent in other slices analyzed in the polymer (Fig. S3) . The wide range of PHD orientations, even in the highly packed constricted state of the dynamin polymer, suggests that the PHD has the inherent ability to associate with the membrane in multiple orientations.
To test this, we carried out advanced mixed-resolution molecular simulations using the highly mobile membrane-mimetic model (HMMM) (38-40). HMMM simulations provide insights into the molecular-level association between the PHD and the lipid bilayer. This model utilizes a biphasic setup comprising of lipids with short-chain fatty acyl chains (typically 3-5 carbon atoms-long) organized around an organic solvent, 1,1-dichloro-ethane (DCLE), which mimics the hydrophobic core of the membrane. The HMMM model is ideal for studying membraneassociated phenomena through MD simulations without compromising on the atomic details of the protein-lipid headgroup interface since lipid diffusion in the bilayer is accelerated by an order of magnitude due to the absence of tail friction (41-43). We ran 8 different HMMM simulations with different initial orientations of the PHD on a bilayer composed of PC:PS:PIP2 (80:19:1 mol%) and a DCLE hydrophobic core. Six systems had the initial orientation of the different variable loops close to PIP2 in the membrane while 2 had the PHD placed in an inverted initial orientation (see Table 2 ). Each simulation was evolved for a minimum of 100 ns. Two important observations stand out from these simulations. Firstly, despite drastically different initial orientations, the system evolves showing that VL1 ( 531 IGIMKGG) and VL4 ( 577 KGFMSSK) and to some extent VL3 ( 590 NTEQRNVYKDY) partition into the membrane. Figure 4 shows the initial and final orientations as well as the z-distance of specific loop residues in the PHD from the phosphate plane of the membrane. See Fig. S4 for data on other systems. Results on VL1 are consistent with previous studies indicating that it acts as an anchor in the membrane (14, 15, 44, 45) . Indeed, the I533A mutation is known to destabilize this interaction and reduced the stability of the scaffold on the membrane in the wake of GTP hydrolysis (3, 17) . The role of VL3 in stable phosphoinositide binding has also been shown earlier (6, 16, 18, 46 ) and the Y600L mutation impairs membrane fission in vitro (11) . However, a plot of the z-distance of the C-alpha and z-distance of the terminal 'hydroxyl oxygen' atom of Y600 as a function of time reveals marginal association with the membrane (Fig S5) . The association however is deeper if considered from the side chain depth profile (Fig. S5 ). In the movie file (movie1) that depicts a quintessential HMMM run, we show the dynamics of the association of the PHD with the membrane. The VL1, VL3 and VL4 loops are marked as blue, red and orange in color, respectively and the PHD is initially oriented such that loops are facing away from the membrane. To our surprise, VL4 loop shows highly stable membrane association and this observation is consistent across different starting configurations. We further validate this observation through metadynamics advancedsampling simulations (see below) that remarkably shows that pockets formed by VL1-VL3 and VL1-VL4 are both available for binding the inositol headgroup. The second clear observation from our HMMM runs is that the PHD can adopt multiple orientations, despite being hinged to the membrane with any of the three VLs, which suggests that it acts more like a shallow pivot than a deep wedge or a cantilever. The degeneracy in binding (also shown through metadynamics simulations, see below) allows the PHD to bind the membrane in various geometries with the VL1 acting as a permanent anchor and the VL3 or VL4 acting as a secondary anchor that together coordinate the phosphoinositide binding.
Key residues stabilizing the PIP2-PHD binding are found in multiple VLs
We carried out "plain" metadynamics simulations (47) to obtain the docking geometry and the free-energy of docking of the PHD with IP3 as a headgroup mimic of the PI(4,5)P2 lipid. This method recapitulates real dynamics of the headgroup entering and exiting the binding pocket in the PHD and in doing so reconstructs the free energy landscape of the process. We also supplement the plain metadynamics simulations with advanced welltempered metadynamics simulation (48-51) to get deeper insights into the variety of binding stereochemistry that seem to populate the basin around the free energy minima. Plain metadynamics simulations assume knowledge of the docking site and the method computes DDG of the docked and free ligand states. Plain metadynamics simulations were run on two systems. The first and second assume the pocket between VL1-VL3 and between VL1-VL4 to represent the putative binding, respectively. For the first system, 2D-representation of binding sites indicates that the complex is stabilized by K 535 in VL1 and D 599 in VL3. For the second system, I 533 and S 538 in VL1 and K 583 in VL4 are the important stabilizing residues. The free energy barriers, shown by the FES profiles, are equivalent for two systems thus suggesting that both pockets bind the ligand with equal probabilities
To extend these results, we carried out well tempered-metadynamics simulations on three different systems; two where the distance CVs are chosen such that the variable loops are sampled preferentially and another with no bias for any loop or pocket. The schematics of CV selection is shown in Fig. 6 (left column) and the corresponding FES profiles are shown in right panel. The details of CV definition is discussed elsewhere. The results validate our earlier observations about different residues from different VLs capable of stabilizing the membrane association interactions. The convergence plot for the three systems and the time evolution of distance in and out of the ligand from domain's pocket is show in Fig. S7 . In order to explore if a variety of binding geometries exist, we considered the geometries in the range of ~2kBT of the deepest minimum. We observe a range of possible geometries (Fig  7) , which suggest degeneracy implying that PIP2 can bind with different sets of residues in the PHD.
After successfully obtaining the binding poses from the metadynamics simulations and exploring different orientations from HMMM simulations, we performed a series of atomistics molecular dynamics simulations with WT and mutated PHD to further scrutinize the role of VLs, with specific focus on residues critical for membrane association. We used 3 different lipid compositions (80:20 DOPC-DOPS, 80:19:1 DOPC-DOPS-PIP2 and 60:40 DOPC-DOPS). We picked a few residues for mutations from the list obtained from HMMM and metadyanmics studies. The different membrane composition and mutants that were tested are listed in Table 3 . Simulation outputs were analyzed by a simple Z-distance calculation between the Ca atoms of each residue with the z-coordinate of the phosphate plane of the bilayer. As shown in Fig. 8A , the I533A mutation in VL1 severely affects membrane association with the entire domain moving away from the membrane. This is consistent with the dramatically reduced fission efficiency seen in reconstitution studies with this mutant earlier (3, 17) . Figs. 8B, C show the effects of F579A in VL4 as well as K539A;K583A mutations in VL1 and VL4, respectively. To understand the membrane association mechanism of F 579 this residue was mutated to a positively charged lysine residue or to a hydrophobic tryptophan residue and tested on membranes of different compositions. The results are shown in Fig. S8 with observations and analysis. Besides the double mutations (K539A+K583A), independent single mutations were also done for K539 and K583. The results are shown in Fig. S9 . The F579 and K583A mutations are mildly disrupting the membrane association and interestingly the effect is more pronounced in the VL1 regions. We also tried Y600L and Y600A mutations but did not see any remarkable changes in membrane association (data not shown). The height fluctuations evolution of each residue from the membrane for F579A, K539A, K583A and K593A-K583A are shown as movie files in SI.
Discussion
The dynamin collar undergoes a series of segmental rearrangements while executing membrane fission. Each PHD must be capable of adapting to be the progressively remodeled underlying membrane. Previous results from 3D reconstructions of dynamin mutants trapped in a constricted state (27,28,52) as well as from biochemical and multiple fluorescence spectroscopic and microscopic approaches (18) suggest that the PHD can associate with the membrane in different orientations. Theoretical analyses of determinants that could lower the energy barrier for fission have invoked tilting of the PHD to conform with the evolving membrane curvature and thereby create a lowenergy pathway for hemi-fission (23). Our results on a comprehensive molecular dynamics simulation validate these possibilities. Fundamentally, binding of the PHDs lowers the membrane rigidity. This effect is attributed to specific binding since PHD mutants that display reduced membrane association fail to elicit this effect. Thus, the membrane bending moduli seen with I533A, F579A and the double mutant K539A+K583A are higher by 2-5 kBT than seen with WT ( Table 1 ), indicating that specific molecular interactions confer a global change in the bulk physical properties of the membrane.
Recent evidence of the existence of non-bilayer configurations of lipids formed at the stalk and hemi-fission intermediates (53-57) prompted us to go beyond models that assume the membrane as an elastic sheet capable of undergoing fission through curvature instability (11, 30, (58) (59) (60) 
The PHD is a ubiquitous membranebinding domain. Several studies have explored the molecular mechanism by which it associates with PIP2 in the membrane (62-68). Analysis of inositol-bound PHD structures clearly reveal the presence of a highly basic region that favors binding to the highly anionic phosphoinositide lipids (69, 70) . Our results extend these models and provide a molecularlevel explanation for how it engages with PIP2 in the membrane. Thus, molecular simulations where the PHDs is placed inverted on the membrane result in its reorientation and specific association of the VL loops with the membrane (movie1). Furthermore, together with results from HMMM, we identify novel interactions between VL4 and the membrane, which we believe is a significant finding that needs experimental validation. Remarkably, although the PHDs display specificity towards PIP2, the binding per se is degenerate such the PIP2-engaged PHD adopts multiple orientations. Given that the membrane is a heterogeneous ensemble of multiple fluctuating states, this degeneracy could facilitate recognition of such heterogeneity on the membrane surface. In this regard, previous models on conditionality of binding of peripheral membrane proteins could be understood within a framework of recognition of such heterogeneity rather than as a single binding event of a domain to a well-defined ligand.
Despite the fact that all three VLs appear to engage with the membrane, albeit to different extents, the degeneracy in orientations lend credence to the notion that unlike being rigidly clamped to the membrane or act as a wedge, the PHD are best represented as units that are flexible and elastically pinned to the membrane. Thus, together, our results indicate the PHDs to be flexible pivots that act to catalyze membrane fission by affecting membrane physical properties.
Material and Methods
Coarse-grained Simulations: Coarse-grained simulations were performed using GROMACS (Version 5.1.2) with MARTINI Polarizable force-field (Version 2.2P) (71) (72) (73) . Lipid membranes were generated using CHARMM-GUI online server (74) . Identical lipid compositions with DOPC-DOPS-PIP2 (80-19-1 %) was used for all the systems that were taken into consideration: (a) 2048 lipids pure lipid bilayer (b) 2048 lipids with 14 dyn1-PHDs (WT) (c) 2048 lipids with 14 dyn1-PHDs (I533A) (d) 2048 lipids with 14 dyn1-PHDs (F579A) (e) 2048 lipids with 14 dyn1-PHDs (K539A and K583A) simulations performed for 2 microseconds at T=310K and 1 atm pressure. Systems were minimized using steepest descent algorithm followed by the equilibration of 5-10ns. Temperature was coupled using V-rescale thermostat. Pressure coupling was performed using Berendsen barostat using semi-isotropic coupling scheme. To characterize role of dyn1-PHD in dynamin mediated fission especially how it affects the mechanistic properties of the lipid bilayer fluctuation spectra was extracted from each coarse-grained simulation. Furthermore, an estimated value of bending-modulus was obtained fitting the data using the curvatureundulation corrected Helfrich theory as shown in equation 1 (29,33).
HMMM Simulations: HMMM simulations were performed on eight systems (Table 2) , each with a different initial orientation of dyn1-PHD mounted on the membrane (38). The membrane was composed of 80:19:1 mixture of DOPC, DOPS and POPI headgroups (100 lipid molecules per leaflet). The core of the bilayer was made of DCLE molecules (~1200). The bilayer-PHD systems were solvated with water molecules and Sodium and Chloride ions were added to neutralize each system and bring the salt concentration to 150 mM using VMD (75) . For each system, the following simulation protocol was used: the system was equilibrated for 10 ns prior to a NVT simulation of 100 ns. Each system is simulated using NAMD 2.12 (76) with CHARMM36m protein force field (77) and the CHARMM36 lipid force field (78) with a 2 fs time step. Non-bonded forces were calculated with a 12 Å cutoff (10 Å switching distance). Long-range electrostatic forces were calculated every other time step using the particle mesh Ewald method (79) . The system is maintained at a temperature of 310 K using Langevin thermostat with friction coefficient of 0.5 ps -1 . The choice of the initial systems were guided by inputs from Orientations of proteins in membranes (OPM) database (80).
All-Atom Simulations:
A series of NPTsimulations were performed using NAMD (Version 2.11) for 100 ns with 3 different lipid membrane compositions to understand the dynamics of dyn1-PHD in the presence of certain mutations on membrane surface (Table  4) . Systems were initially minimized and followed by equilibration of 5-10 ns. Each system comprised of PHD, 200 lipids, ~23000 water molecules and 0.15 NaCl. As previously, CHARMM36 force-field (78) was used for particle definitions. To carry out the analysis of thickness variation across the membrane surface, interdigitation and lipid tilt and splay fluctuation, either in-house VMD TCL script were used or the VMD membrane plugin tool (81) was used.
Cryo-EM Images:
Cryo-EM map (28) for the constricted collar (K44A mutant) of dynamin (EMD-2701) is obtained from EM databank (www.emdatabank.org). The map is visualized using chimera (82) and is colored according to the cylinder radius.
Metadynamics:
The X-ray solved structure of dyn1-PHD was obtained from protein data bank (1DYN) (83) . The force-field parameters of ligand corresponding toCHARMM22 forcefield were generated using swissparam server (84) . The initial configurations of the proteinligand system were constructed in cubic box using PYMOL (85) . The systems were then solvated with TIP3P water molecules and neutralized using 0.15 M NaCl. All the systems were energy minimized and equilibrated to a temperature of 310 K and 1 atm pressure before proceeding to production runs. Velocity rescaling algorithm (86) with (time constant of 0.1 ps) and Parrinello-Rahman algorithm for (87) (time constant of 2 ps) were used to maintain temperature and pressure, respectively. Bond constraints were dealt using LINCS algorithm (88) . The long-range electrostatic interactions were dealt using particle mesh Ewald scheme with order 4 and a Fourier spacing of 0.16 while the short-range interactions were dealt using Verlet scheme with a cutoff of 1.4 nm. All the simulations were performed in GROMACS-5.1.4 (89) patched with PLUMED-2.3.5 (90) . Production runs of 10 ns were performed before proceeding for metadynamics runs. The details of different systems and their respective collective variables can be found in SI.
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Figure S6:
The distance between IP3 ligand and dyn-PHD as a function of time. The recrossing time point in this plain metadynamics runs is shown with a red arrow and the free energy surface is plotted at that instant of time. (Top) The distance is between the center of inositol and C-alpha atom of TYR600 with with a docking bias towards the pockets formed between loops VL1 and VL3 loops. (Bottom) The distance is between the center of inositol and C-alpha atom of ASN529 with a docking bias towards the pockets formed between loops VL1 and VL4 loops 
